In eukaryotes, entry into mitosis is induced by cyclin Bbound Cdk1, which is held in check by the protein kinase, Wee1. In budding yeast, Swe1 (Wee1 ortholog) is targeted to the bud neck through Hsl1 (Nim1-related kinase) and its adaptor Hsl7, and is hyperphosphorylated prior to ubiquitin-mediated degradation. Here, we show that Hsl1 and Hsl7 are required for proper localization of Cdc5 (Pololike kinase homolog) to the bud neck and Cdc5-dependent Swe1 phosphorylation. Mitotic cyclin (Clb2)-bound Cdc28 (Cdk1 homolog) directly phosphorylated Swe1 and this modification served as a priming step to promote subsequent Cdc5-dependent Swe1 hyperphosphorylation and degradation. Clb2-Cdc28 also facilitated Cdc5 localization to the bud neck through the enhanced interaction between the Clb2-Cdc28-phosphorylated Swe1 and the polo-box domain of Cdc5. We propose that the concerted action of Cdc28/Cdk1 and Cdc5/Polo on their common substrates is an evolutionarily conserved mechanism that is crucial for effectively triggering mitotic entry and other critical mitotic events.
Introduction
Entry into mitosis in eukaryotic organisms is regulated by an intricate network of kinases and phosphatases that coordinately bring about reorganization of various subcellular structures. A key regulatory component of this event is the conserved cyclin B-bound Cdc2. In fission yeast and higher eukaryotes, Cdc2 is phosphorylated at Tyr15 and negatively regulated by Wee1, an event that is reversed by the activity of Cdc25C phosphatase. These critical steps at mitotic entry appear to be largely conserved throughout evolution.
Studies on the G2/M regulation in genetically amenable organisms such as budding yeast have provided valuable insights into how eukaryotic organisms bring about timely activation of cyclin B-bound Cdc2 activity prior to mitotic entry. In budding yeast (Saccharomyces cerevisiae), Swe1 (Wee1 ortholog) negatively regulates mitotic Clb (collectively for the B-type cyclins-Clb1, Clb2, Clb3, and Clb4)-associated Cdc28 (Cdc2 homolog) by phosphorylating the equivalent Tyr19 residue (Booher et al, 1993) , a modification that is reversed by Mih1 (Cdc25 ortholog) (Russell et al, 1989) . Swe1 also inhibits Clb2-Cdc28 by direct binding (McMillan et al, 1999b) , thus providing an additional layer to regulate Clb2-Cdc28 activity at the time of mitotic entry. As with the importance of Swe1 in regulating Clb-Cdc28 activity, disruption of actin organization or defects in septin filament assembly at the bud neck results in hypophosphorylation and stabilization of Swe1 Shulewitz et al, 1999) . This stabilized Swe1 imposes a G2 delay by inhibiting Clb-Cdc28, which leads to markedly elongated cells due to the inability of cells to switch from polarized to isotropic growth during budding (Lew and Reed, 1993) . Thus, timely phosphorylation and subsequent degradation of Swe1 are critical for proper activation of Clb-Cdc28 and therefore mitotic entry.
During an unperturbed cell cycle, Swe1 begins to accumulate in S phase and becomes hyperphosphorylated as cells proceed through the cell cycle (Shulewitz et al, 1999; Sreenivasan and Kellogg, 1999) . The hyperphosphorylated Swe1 is susceptible to ubiquitin-mediated degradation (Kaiser et al, 1998; Sia et al, 1998 ), which appears to depend, in part, on the ubiquitin ligase (E3) known as the anaphasepromoting complex (APC) (Thornton and Toczyski, 2003) . Both genetic and biochemical analyses have revealed several components critical for regulating Swe1. Hsl1 (Nim1/Cdr1-related kinase) appears to be critical for tethering of Hsl7 at the bud neck (Shulewitz et al, 1999) , which is in turn required for efficient recruitment of Swe1 to the same location (McMillan et al, 1999a; Longtine et al, 2000) . As a result, lack of either Hsl1 or Hsl7 disrupts Swe1 localization to the bud neck. It also greatly diminishes Swe1 phosphorylation in vivo (Shulewitz et al, 1999) in a manner that is not clearly understood. Studies with the polo-like kinase 1 (Plk1) homolog Cdc5 showed that it plays a critical role in hyperphosphorylating and degrading Swe1 at the late stages (prior to G2/M transition) of the cell cycle . At a stage earlier than that involving Cdc5 (as early as S and also perhaps G2), a PAK homolog Cla4, which is critical for septin filament assembly and associates tightly with septins (Versele and Thorner, 2004) , also phosphorylates Swe1 directly . In addition, Cdc28 has been shown to contribute to Swe1 phosphorylation (McMillan et al, 2002) , although how its activity relates to Cdc5-and Cla4-dependent Swe1 regulation is not known.
In this study, we determined components critical for Cdc5-dependent Swe1 regulation. Our data showed that Cdc5 localization to the bud neck requires Hsl1 and Hsl7 and this step is essential for Cdc5-dependent Swe1 phosphorylation. Mitotic Clb2-Cdc28-dependent Swe1 phosphorylation promoted Cdc5 localization to the bud neck and subsequent Cdc5-dependent Swe1 hyperphosphorylation by enhancing the interaction between Swe1 and the noncatalytic polo-box domain (PBD) of Cdc5. Thus, concerted action of Clb2-Cdc28 and Cdc5 appears to be critical to efficiently trigger Swe1 hyperphosphorylation and degradation prior to mitotic entry.
Results

Both Hsl1 and Hsl7 are required for Cdc5-dependent Swe1 regulation
It has been shown that Cdc5 progressively localizes to the bud neck during the late stages of the cell cycle (Lee et al, 2005) and this localization step appears to be important for Cdc5-dependent Swe1 phosphorylation and degradation Sakchaisri et al, 2004) . Consistent with these observations, overexpression of GAL1-CDC5 induced Swe1 hyperphosphorylation and degradation efficiently, whereas overexpression to the same extent of a triple point mutant GAL1-cdc5(FAA), which is defective for subcellular localization (Song et al, 2000) , did not provoke precocious Swe1 downregulation ( Figure 1A and Supplementary Figure  S1 ). These data further underline the importance of proper Cdc5 localization in regulating Swe1.
In a wild-type background, Cdc28 was phosphorylated at Tyr19 in hydroxyurea-treated (S phase) cells, whereas it was dephosphorylated in nocodazole-arrested (M phase) cells ( Figure 1B) . As with the importance of Hsl1 and Hsl7 for proper degradation of Swe1, lack of Hsl1 or Hsl7 resulted in accumulation of Cdc28 phosphorylation at Tyr19 even in the nocodazole-treated cells ( Figure 1B ). Since Mih1 is critical for (GAL1-EGFP-CDC5), or pKL883 (GAL1-EGFP-cdc5(FAA)) was cultured in YEP-raffinose medium and arrested in S phase with hydroxyurea for 2.5 h before transferring to YEP-galactose supplemented with hydroxyurea for 3 h. Total cellular proteins were separated by 10% SDS-PAGE and then subjected to immunoblot analyses with anti-Swe1 and anti-GFP (for EGFP-Cdc5) antibodies. The Asterisk indicates a nonspecific protein crossreacting with the anti-Swe1 antibody. (B) Strains KLY1546 (wild type), KLY2868 (hsl1D), and KLY2872 (hsl7D) were arrested in S phase with hydroxyurea (S), or in M phase with nocodazole (M). Total cellular proteins were separated by 10% SDS-PAGE for subsequent immunoblotting analyses. (C-E) Strains KLY1546 (C), KLY2868 (D), or KLY2872 (E) were transformed with either YCplac22 (vector) or pKL882 (pGAL1-EGFP-CDC5). The resulting transformants were treated with hydroxyurea for 2.5 h and then transferred to YEP-galactose containing hydroxyurea (t ¼ 0). Total cellular proteins were separated in 8% low-bis SDS-PAGE. (F) Strains KLY1546 (wild type), KLY2868 (hsl1D), and KLY2872 (hsl7D) were transformed with either pSK754 (EGFP-CDC5) or pKL880 (GAL1-EGFP-CDC5DN). The resulting transformants were cultured overnight at 181C (EGFP-Cdc5 signals were more stable at a low temperature) in YEP-glucose (for pSK754) or YEP-raffinose (for pKL880). Cells were treated with nocodazole at 181C for 5 h (for pSK754) or for 4 h followed by 1 h induction in YEP-galactose containing nocodazole (for pKL880) before examination under a fluorescent microscope. Error bars indicate standard deviation.
the dephosphorylation of Cdc28 Tyr19 (Supplementary Figure S2A) , these results suggest that stabilized Swe1 in hsl1D or hsl7D cells over-rides the Mih1 activity and phosphorylates Cdc28 Tyr19. Thus, we investigated whether Hsl1 and Hsl7 are required for Cdc5-dependent Swe1 phosphorylation in vivo. In wild-type cells, expression of GAL1-CDC5, but not the control vector, rapidly induced Swe1 degradation in a time-dependent manner (hyperphosphorylated Swe1 was not easily detectable because of a rapid induction of Swe1 phosphorylation and degradation by overexpressed Cdc5), while it gradually dephosphorylated Cdc28 Tyr19 as the level of Swe1 decreased ( Figure 1C ). In contrast, loss of HSL1 almost completely eliminated the GAL1-CDC5-dependent Swe1 phosphorylation and degradation with undiminished Tyr19 phosphorylation ( Figure 1D ). Loss of HSL7 also dramatically stabilized Swe1, although slow-migrating forms of Swe1 appeared to be weakly induced following GAL1-CDC5 expression ( Figure 1E ). These observations suggest that Hsl1 and Hsl7 are required for Cdc5-dependent Swe1 regulation. Since Cdc5 localization to the bud neck is critical for Swe1 regulation Sakchaisri et al, 2004) , we examined whether Hsl1 and Hsl7 are required for proper Cdc5 localization in cells arrested with nocodazole (Cdc5 becomes abundant under this condition). Cdc5 localization to the neck was evident in approximately 42% of wild-type cells. In contrast, hsl1D or hsl7D cells exhibited the bud necklocalized Cdc5 in only 12 or 23% of the total population ( Figure 1F ). Cdc5 localization to the spindle pole body (SPB) was manifest in most of the population (97-100%), with similar levels in all three strains ( Figure 1F ). The inefficient localization of Cdc5 to the bud neck as opposed to the SPB could be due to a smaller fraction of Cdc5 localizing to the bud neck. Thus, we re-examined Cdc5 localization by using the GAL1 promoter-controlled EGFP-CDC5DN, a localizationcompetent C-terminal PBD of Cdc5 (Song and Lee, 2001 ). In wild type, expression of GAL1-EGFP-CDC5DN resulted in distinct fluorescent signals at the bud neck in 98% of the population, but the neck localization was greatly diminished in the absence of Hsl1 or Hsl7 ( Figure 1F ). Similar results were also obtained when cells were arrested with hydroxyurea (Supplementary Figure S3) . Thus, since Hsl1 and Hsl7 are also required for proper localization of Swe1 to the bud neck, the inefficient Cdc5-dependent Swe1 phosphorylation and degradation in hsl1D or hsl7D are likely attributable to the impaired localization of both Cdc5 and Swe1 to the bud neck.
Mitotic Cdc28 activity is required for proper Swe1 degradation
We next examined whether Cdc28 regulates Swe1 phosphorylation and stability through a positive feedback loop and, if so, which cyclin-associated Cdc28 complex is critical for this event. An isogenic wild-type and various cyclin mutants were arrested in G1 by a-factor treatment, and then released into YEP-glucose medium containing nocodazole to repress GAL1 promoter-dependent expression and trap the cells in mitosis. In wild type, Swe1 was progressively phosphorylated and then degraded, as cells proceeded from G1 to M (Figure 2A , first panel). Depletion of G1 cyclins (cln1-3D GAL1-CLN3) exhibited approximately a 15 min delay in Swe1 phosphorylation, but failed to stabilize Swe1 (Figure 2A , second panel). The delay in Swe1 phosphorylation appeared to be the result of the observed cell cycle delay ( Figure 2B ) that is likely caused by diminished G1 cyclin-Cdc28 activity during depletion. Without significant changes in Swe1 stability, cells lacking Clb5-6 (clb5-6D) also exhibited a delay (approximately 10 min) in Swe1 phosphorylation ( Figure 2A , third panel), which correlated closely with a comparable delay in S-phase progression ( Figure 2B ). In contrast, depletion of mitotic cyclins (clb1-4D GAL1-CLB1) significantly reduced Swe1 phosphorylation and degradation ( Figure 2A , fourth panel). These observations suggest that mitotic cyclin (Clb)-associated Cdc28, but not likely the G1 and S cyclinassociated Cdc28, is critical for Swe1 phosphorylation and degradation. However, the existence of multiple tiers of phosphorylated and unstable Swe1 after depletion of mitotic cyclins suggests that other kinase(s) independent of Cdc28 activity contribute to Swe1 phosphorylation and degradation.
Cdc28 and Cdc5 phosphorylate Swe1 synergistically in vitro
Next, we examined the ability of various Cdc28 complexes to phosphorylate Swe1 in vitro. Purified cyclin-bound Cdc28 complexes were reacted with a GST-fused catalytically inactive swe1(K473A) and histone H1 (HH1) as substrates in the same reaction, and the relative activity of these complexes to phosphorylate Swe1 was compared. Clb2-bound Cdc28 phosphorylated Swe1 as efficiently as HH1 and generated multiple tiers of Swe1 species ( Figure 3A ). Under the same conditions, the relative levels of Swe1 phosphorylation by Cln1-Cdc28 or Clb5-Cdc28 complex were significantly lower than those of HH1 phosphorylation ( Figure 3A ). Since mitotic Cdc28 activity is critical for proper Swe1 regulation in vivo (Figure 2 ), the Clb2-Cdc28 complex was chosen for further analyses. It has been reported that both Cdc5 and Cla4 phosphorylate Swe1 and regulate its stability . Thus, we examined how these kinases function together with Clb2-Cdc28 to phosphorylate Swe1 in vitro. To this end, purified Clb2-Cdc28 and Cdc5 were reacted either alone or together to test their ability to phosphorylate GSTswe1(K473A) in the presence of [g-32 P]ATP. Clb2-Cdc28 or Cdc5 alone exhibited an efficient incorporation of 32 P into Swe1 in a time-dependent manner ( Figure 3B ). Strikingly, when both Clb2-Cdc28 and Cdc5 were present in the same reaction mixture, incorporation of 32 P into Swe1 was significantly greater than the predicted additivity of each reaction ( Figure 3B and D), suggesting that Clb2-Cdc28 and Cdc5 phosphorylate Swe1 synergistically in vitro. In contrast to this finding, phosphorylation of Swe1 by Cdc5 and Cla4, or by Clb2-Cdc28 and Cla4, incorporated 32 P into Swe1 only in an additive manner ( Figure 3C and E, and data not shown).
Priming of Swe1 by Cdc28 enhances Cdc5-dependent Swe1 phosphorylation in vitro
It is possible that the synergistic phosphorylation of Swe1 by Clb2-Cdc28 and Cdc5 was the result of priming Swe1 by one of the two kinases, in which the resulting phosphorylated Swe1 became a better substrate for the other kinase. To examine this possibility, we carried out sequential, twostep, Swe1 phosphorylation reactions in vitro using purified recombinant proteins. To prime Swe1 in the first reaction (priming reaction), Swe1 was phosphorylated by a priming kinase with excess ATP. After washing out the remaining ATP from the resulting reaction mixtures, the second kinase was added and then incubated in the presence of [g-32 P]ATP (labeling reaction) ( Figure 4A ). Since both kinases were immobilized (bead-bound enzymes were used because we failed to purify sufficient soluble enzymes), the incorporated radioactivity into Swe1 was the result of the labeling capacity of both the priming and the second kinase during the labeling reaction. When Swe1 was primed by Cdc5 and then subjected to the labeling reaction in the absence of Cdc28, no 32 P incorporation into Swe1 was detected ( Figure 4B , lane 1), suggesting that Cdc5-dependent Swe1 phosphorylation was already saturated during the priming reaction. Under these conditions, addition of Clb2-Cdc28 into the Cdc5-primed reaction resulted in 32 P incorporation into Swe1 at a level similar to that primed by either a catalytically inactive cdc5(N209A) or buffer control ( Figure 4B , compare lane 2 with lane 4 or 5), suggesting that Cdc5 did not prime Swe1 for Clb2-Cdc28-dependent Swe1 phosphorylation. In contrast, priming of Swe1 by Clb2-Cdc28, but not by kinaseinactive Clb2-cdc28(D145N) or control buffer, greatly increased the subsequent Cdc5-dependent 32 P incorporation into Swe1 ( Figure 4B , compare lane 8 with lane 10 or 11), even though the priming phosphorylation of Swe1 by Clb2-Cdc28 was not saturated ( Figure 4B , lane 7; as evidenced by the capacity of the remaining Clb2-Cdc28 to incorporate 32 P in the labeling reaction). The level of Cdc5-dependent 32 P
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Cdc28 + Cdc5 (A) Cyclin-associated Cdc28 complexes were reacted with GSTswe1(K473A) and histone H1 (HH1) as in vitro substrates in each reaction. The reaction mixtures were separated by 8% low-bis SDS-PAGE (upper gel) to detect Swe1 mobility shift and 10% normal SDS-PAGE (lower gel) to retain HH1 in the gel, and then subjected to autoradiography. WT, GST-Cdc28; DN, GST-cdc28(D145N). (B, C) GST-Cdc28/His6-Cks1/MBP-Clb2, T7-HA-Cdc5-Flag, and T7-HA-Cla4-Flag were reacted with kinase-inactive GST-swe1(K473A) in the presence of 50 mM ATP (10 mCi of [g-32 P]ATP) at 301C. Reactions were terminated at the indicated time points and then separated by 8% low-bis SDS-PAGE. After staining with Coomassie, the gel was subjected to autoradiography. Cdc5 WT, T7-HA-Cdc5-FLAG; cdc5NA, kinase-inactive T7-HA-cdc5(N209A)-FLAG; Cla4 WT, T7-HA-Cla4-FLAG; cla4KA, kinase-inactive T7-HA-cla4(K594A)-FLAG. (D, E) The bands corresponding to GST-swe1(K473A) from the reactions were excised and the incorporated 32 P was quantified. Error bars indicate standard deviation. incorporation into the Clb2-Cdc28-primed Swe1 in lane 8 (after subtracting the incorporated 32 P by the remaining Clb2-Cdc28 as detected in lane 7) was approximately threefold higher than that of control reactions ( Figure 4B , lanes 10 and 11). Time-course studies revealed that Swe1 priming by Clb2-Cdc28 could enhance the Cdc5-dependent Swe1 phosphorylation in a time-dependent manner (up to 4.7-fold), although overpriming of Swe1 diminished the effect (Supplementary Figure S4) . Since Clb2-Cdc28 failed to activate Cdc5 in vitro ( Figure 4E ) and was not required for Cdc5 activation in vivo (Supplementary Figure S5) , priming of Swe1 by Clb2-Cdc28 likely promoted the subsequent Cdc5-dependent Swe1 phosphorylation. In contrast, neither Clb2-Cdc28 nor Cla4 exerted any priming effect on Swe1 for the subsequent Cla4-or Clb2-Cdc28-dependent Swe1 phosphorylation, respectively ( Figure 4C ).
Cdc28 activity is required for Cdc5-dependent Swe1 phosphorylation and degradation in vivo
We next investigated the importance of Clb-Cdc28 for Cdc5-dependent Swe1 regulation in vivo. To inhibit acutely Cdc28 kinase activity, we used an analog-sensitive (as) cdc28 allele (cdc28-as1) that is sensitive to the cell-permeable inhibitor (Bishop et al, 2000) . Treatment of the cdc28-as1 mutant with 0.5 mM of 1NM-PP1 greatly stabilized Swe1 in nocodazole-arrested (M phase) cells and partially inhibited Swe1 phosphorylation in hydroxyurea-arrested (S phase) cells (Supplementary Figure S6) , suggesting that 1NM-PP1 treatment is suitable for acute inhibition of mitotic Clb-Cdc28-dependent Swe1 phosphorylation. To test the ability of Clb-Cdc28 and Cdc5 in regulating Swe1, a cdc28-as1 cdc5D double mutant kept viable by the expression of a weakly functional cdc5-1 allele under control of the GAL1 promoter control was transformed with either control vector or a centromeric plasmid expressing wild-type CDC5 from its native promoter (pCDC5). The resulting strains were arrested in G1 and then released into YEP-glucose medium containing nocodazole to repress GAL1-cdc5-1 expression and trap the cells in M phase. To inhibit mitotic Cdc28 activity after proceeding through G1, 1MN-PP1 was added to the cultures 20 min after a-factor release. When Cdc5 was provided and Cdc28 was active ( Figure 5A , top panel), Swe1 progressively accumulated from 20 min after release and became hyperphosphorylated, generating multiple tiers of Swe1 species. These hyperphosphorylated Swe1 species appeared to become unstable at 80 min, as large-budded cells arose ( Figure 5A , top panel, and Figure 5B indicating that Cdc5 is critical for the late stages of Swe1 hyperphosphorylation. However, even in the presence of pCDC5, inhibition of Cdc28 by 1NM-PP1 was sufficient to prevent Cdc5 from generating hyperphosphorylated, unstable, Swe1, although a tier of phosphorylated Swe1 was detectable ( Figure 5A , middle panel). In addition, the levels of Swe1 phosphorylation and stability under these conditions were similar to those when Cdc28 was inhibited in the absence of Cdc5 (compare the middle panel with the bottom panel in Figure 5A ), underscoring the importance of mitotic Clb-Cdc28 activity in priming Swe1. Consistent with this notion, addition of 1NM-PP1 into the cultures with largebudded cells (80 min) also rapidly induced Swe1 dephosphorylation and stabilization ( Figure 5C ). Since Clb-Cdc28 activity was not required for Cdc5 activation in vivo and failed to activate Cdc5 in vitro ( Figure 4E and Supplementary Figure  S5 ), Cdc5 activity was not likely to be downregulated upon inhibition of Clb-Cdc28 activity. Treatment of 1NM-PP1 did not significantly induce a cell cycle delay ( Figure 5B ), suggesting that it did not significantly inhibit both the G1 cyclin-and S cyclin-dependent Cdc28 activities under these conditions. However, a tier of phosphorylated Swe1 was still detectable even in the absence of both Clb-Cdc28 and Cdc5 activities (the Swe1 doublet in Figure 5A , middle and bottom panels), suggesting that another kinase(s) still phosphorylates Swe1 independently of both Clb-Cdc28 and Cdc5.
Cdc28 promotes Cdc5 localization to the bud neck in part by enhancing the Swe1-Cdc5 interaction
The PBD of mammalian polo-like kinase 1 (Plk1) has been shown to interact with phospho-peptide sequences generated by Cdk1 or other Pro-directed kinases (Elia et al, 2003) . Thus, we investigated whether the Clb2-Cdc28-dependent Swe1 priming phosphorylation enhances the interaction between Swe1 and Cdc5, and subsequently facilitates the Cdc5-dependent Swe1 phosphorylation. To this end, partially purified GST-swe1(K473A) was phosphorylated by either Clb2-Cdc28 or its kinase-inactive Clb2-cdc28(D145N), and then subjected to in vitro binding analyses with T7-tagged Cdc5. Precipitation of primed GST-swe1(K473A) by Clb2-Cdc28 (approximately 50% of GST-swe1(K473A) exhibited mobility shift; Figure 6A ) co-precipitated T7-Cdc5 efficiently. In contrast, precipitation of GST-swe1(K473A) primed by either kinase-inactive Clb2-cdc28(D145N) or buffer control (no apparent mobility shift of GST-swe1(K473A) was detected under both of these conditions) co-precipitated T7-Cdc5 only marginally ( Figure 6A ). The interaction between phosphorylated Swe1 and Cdc5 appeared to be through the PBD, since precipitation of primed GST-swe1(K473A) co-precipitated T7-Cdc5, but not the localization-defective cdc5/FAA (Song et al, 2000) PBD mutant ( Figure 6B ). These data suggest that priming phosphorylation of Swe1 by Clb2-Cdc28 enhances the interaction between Swe1 and Cdc5, and that the intact PBD of Cdc5 is required for this event.
Bud neck-localized Cdc5 is critical for proper Swe1 regulation Sakchaisri et al, 2004) . Thus, if the Cdc28-dependent Swe1 phosphorylation were important for Swe1-Cdc5 interaction, Cdc28 activity might be important for Cdc5 localization to the bud neck. To examine this possibility, cdc28-as1 cells expressing EGFP-CDC5 under endogenous CDC5 promoter control were arrested in G1 and then released into nocodazole-containing medium. At 20 min after release, cells were treated with either control DMSO or 0.5 mM of 1NM-PP1 to inhibit mitotic Clb-Cdc28 activity. In samples harvested at two different time points (150 and 180 min after Figure 6C, left) . Treatment of cells with 1NM-PP1 induced bud elongation due to a delay at mitotic entry but did not cause mitotic exit under these conditions ( Figure 6C , right), indicating that the decreased Cdc5 localization to the bud neck by 1NM-PP1 was not the result of Cdc5 delocalization following mitotic exit. Similar results were obtained when cells were arrested with nocodazole and then treated with 1NM-PP1 (Supplementary Figure S7A) . As expected, if the PBD was critical for the Clb-Cdc28-dependent Cdc5 localization to the bud neck, inhibition of Clb-Cdc28 activity did not influence the localization efficiency of Cdc5DC-Cdc12 ; a PBD-deficient fusion that localizes to the bud neck through the function of Cdc12) ( Figure 6D and Supplementary Figure S7B ). Taken together, these data demonstrate that Clb-Cdc28 activity is critical for promoting the PBD-dependent Cdc5 localization to the bud neck.
Since proper localization of Cdc5 to the bud neck required Hsl1 and Hsl7 ( Figure 1F ), we next examined whether inactivation of Clb2-Cdc28 influenced the localization of Hsl1-GFP and GFP-Hsl7. Localization of GAL1 promoterexpressed Swe1-GFP was also examined (we were unable to localize endogenous promoter-controlled Swe1-GFP because its fluorescent signal was below our detection limit). Unlike Cdc5 localization, inhibition of Clb-Cdc28 by 1NM-PP1 did not significantly alter the localization of any of the Hsl1-GFP, GFP-Hsl7, and Swe1-GFP to the bud neck ( Figure 6E ). These results suggest that delocalization of EGFP-Cdc5 induced by the inhibition of cdc28-as1 was not due to the delocalization of Hsl1, Hsl7, or Swe1, but rather due to a defect after recruiting Swe1 to the Hsl1-Hsl7 platform. Thus, we examined whether Swe1 is required for proper Cdc5 localization to the bud neck. As expected, regardless of the presence or absence of SWE1, Cdc5 localization to the SPB was manifest in all the cells examined. In contrast, approximately 38% of the SWE1 cells exhibited EGFP-Cdc5 signals at the bud neck, whereas about 21% of the swe1D cells displayed these signals at the corresponding structure ( Figure 6F ). These data demonstrate the importance of Swe1 for recruiting Cdc5 to the Hsl1-Hsl7 platform and further support the direct interaction between Swe1 and Cdc5. However, a significant level of EGFP-Cdc5 still localized to the bud neck in swe1D cells, suggesting that Cdc5 also interacts with other bud necklocalizing components independently of Swe1. Since loss of Hsl1 or Hsl7 drastically diminished the Cdc5-dependent Swe1 phosphorylation (which would not occur if the Cdc5-Swe1 interaction were the only requirement for this event) ( Figure  1D and E), the Hsl1-Hsl7 platform could provide additional interaction(s) with Cdc5 to recruit efficiently Cdc5 to the bud neck. In support of this opinion, introduction of hsl1D and hsl7D into swe1D cells further impaired Cdc5 localization to the bud neck ( Figure 6G ). Delocalization of Cdc5 from the bud neck in hsl1D hsl7D cells did not appear to be due to a diminished Clb-Cdc28 activity, since provision of CDC28Y19F, which lacks the inhibitory phosphorylation site at Tyr19, failed to remedy this defect ( Figure 6H ).
Discussion
Hsl1 and Hsl7, but not MIH1, are required for Cdc5-dependent Swe1 regulation As cells proceed through the cell cycle, Swe1 is progressively phosphorylated to yield hyperphosphorylated forms. These multiply phosphorylated forms of Swe1 are susceptible to ubiquitination and subsequent degradation through a protease-containing complex called the 26S proteasome McMillan et al, 2002) . Here, we showed that Hsl1 and Hsl7, which are critical for recruiting Swe1 to the bud neck (Shulewitz et al, 1999; Longtine et al, 2000) , were also required for proper localization of Cdc5 to the bud neck through both a Swe1-dependent and -independent fashion. Moreover, Hsl1 and Hsl7 were critical for Cdc5-dependent Swe1 phosphorylation. These data suggest that Hsl1 and Hsl7 serve as a scaffold to bring Cdc5 and Swe1 in close proximity and promote Cdc5-dependent Swe1 regulation.
In higher eukaryotes, Plk1 phosphorylates and activates Cdc25C, which in turn activates Cdc2 (Kumagai and Dunphy, 1996) . Activated Cdc2 then phosphorylates and downregulates Wee1A in a positive feedback loop (Watanabe et al, 2004) . Similarly, Cdc5 becomes active even after depleting Figure 6 Clb2-Cdc28 is critical for Cdc5-dependent Swe1 regulation. (A, B) GST-swe1(K473A) primed by either GST-Cdc28/His6-Cks1/MBPClb2, catalytically inactive GST-cdc28(D145N)/His6-Cks1/MBP-Clb2, or control buffer was incubated with clarified cellular lysates from either Sf9 cells expressing T7-HA-cdc5(N209A)-FLAG (A) or bacterial cells expressing T7-cdc5(N209A)-His6 or T7-cdc5(FAA)-His6 (B) (see Materials and methods for details). After pull-down, proteins were separated by 10% normal SDS-PAGE to retain the GST ligand in the gel (as a result, the migration pattern of phosphorylated GST-Swe1 appeared slightly different from that in 8% low-bis SDS-PAGE). The migration difference of the GST ligand in panel A does not reflect its actual mobility difference in the gel. W, GST-Cdc28/His6-Cks1/MBP-Clb2; D, GST-cdc28(D145N)/ His6-Cks1/MBP-Clb2; GST-Swe1-P, phosphorylated GST-swe1(K473A) (arrows). As input, 1% of the clarified cellular lysates was used. (C, D) Strain KLY5401 transformed with either centromeric pSK754 (pEGFP-CDC5) (C) or centromeric pKL2438 (pYFP-CDC5DC-CDC12) (D) was cultured overnight, arrested by a-factor treatment, and then released into YEP-glucose containing nocodazole. Either DMSO or 0.5 mM of 1NM-PP1 was added into the culture 20 min after release. Samples harvested at the indicated time points after release were fixed and then examined. Greater than 500 cells were counted from duplicated experiments. (C, D, right panels) DAPI morphology of the 180 min samples in panels C and D was quantified. Treatment of cells with 1NM-PP1 induced elongated bud morphologies. Error bars indicate standard deviation. (E) Strain KLY5401 (cdc28-as1) bearing either centromeric YCpT-HSL1-GFP, YCpT-GFP-HSL7, or YCpLG-SWE1-GFP (GAL1-promoter controlled) was cultured in YEP-glucose (for Hsl1-GFP and GFP-Hsl7) or YEP-raffinose (for GAL1-Swe1-GFP) at 231C and then arrested with nocodazole for 3 h. Cells were then treated with 0.5 mM of 1NM-PP1 for 2 h either in the same medium (for Hsl1-GFP and GFP-Hsl7) or after transferring to YEPgalactose containing nocodazole (for GAL1-Swe1-GFP). Samples were examined as in panels C and D. A low efficiency of Hsl1-GFP localization in comparison to GFP-Hsl7 localization is likely due to weaker Hsl1-GFP fluorescent signals. Error bars indicate standard deviation. (F) Strain KLY4362 (swe1D) transformed with either a centromeric pSWE1 or control vector was additionally transformed with pSK754 (pEGFP-CDC5). The resulting transformants were cultured at 231C and arrested with hydroxyurea for 6 h (the condition where Swe1 is abundant and a significant level of EGFP-Cdc5 signal is detectable at the bud neck) before fixation. Error bars indicate standard deviation. (G, H) Localization of EGFP-Cdc5 in the indicated genetic background was examined as in panel F. Y19F, CDC28 Y19F allele. Clb-Cdc28 activity (Supplementary Figure S5) , thus placing Cdc5 in a position to phosphorylate and activate Mih1. This finding raises the possibility that Cdc5 might also regulate Swe1 through an analogous Mih1-Cdc28-Wee1 feedback loop. However, loss of MIH1 only marginally diminished the endogenous Swe1 phosphorylation and failed to significantly influence the GAL1-CDC5-dependent Swe1 phosphorylation even though Cdc28 was highly phosphorylated at Cdc28: GST-Swe1:
GST 150 Neck Figure S2) . These data suggest that Cdc5 does not critically require the MIH1-mediated feedback loop to downregulate Swe1.
Clb2-Cdc28: a critical element for Cdc5 localization to the bud neck and Cdc5-dependent Swe1 phosphorylation Studies in cultured mammalian cells have shown that the PBD of Plk1 is sufficient for targeting the enzymes to specific subcellular locations and that this step is critical for its function (Lee et al, 1999) . The PBD of Plk1 binds to phosphorylated peptide sequences (Elia et al, 2003) , suggesting that priming phosphorylations by a kinase may provide a phospho-recognition module that recruits Plk1 in close proximity with its substrates. Recent studies on two vertebrate proteins, Cdc25C phosphatase and the peripheral Golgi protein Nir2 (Elia et al, 2003; Litvak et al, 2004) , demonstrate the importance of priming phosphorylation in their interaction with the PBD of Plk1. We showed that priming of Swe1 by Clb2-Cdc28 enhanced both the interaction between Swe1 and the PBD of Cdc5 and the Cdc5-dependent Swe1 phosphorylation, suggesting that Clb-Cdc28-dependent Swe1 phosphorylation provides a docking site for the PBD of Cdc5 and, as a result, promotes the Cdc5-dependent Swe1 phosphorylation. In this regard, it is worthy to note that Swe1 bears five potential Cdc28-dependent PBD-binding sites (i.e., SerpThr/pSer-Pro starting at amino-acid residues 44, 262, 293, 372, and 417) . However, it is interesting to note that Cdc5 can phosphorylate Swe1 in vitro in the absence of a Clb2-Cdc28-dependent priming event , although this priming step clearly enhances Cdc5-dependent Swe1 phosphorylation (Figure 4) . Similarly, vertebrate Cdc25, which is normally primed by Cdc2 prior to G2/M transition (Elia et al, 2003) , can be directly phosphorylated and activated by Xenopus polo-like kinase Plx1 in vitro (Kumagai and Dunphy, 1996) . These observations suggest that priming phosphorylation is not required, but important, for the polo kinase-dependent phosphorylation of its substrates. How phosphorylated Swe1 is degraded is not clearly understood at present. During unperturbed cell cycle, Swe1 becomes hyperphosphorylated concurrently with, or shortly after, accumulation of Clb2 and the majority of Swe1 is degraded following hyperphosphorylation (Shulewitz et al, 1999; Supplementary Figure S9) . These observations together with our data presented here suggest that phosphorylation of Swe1 by mitotic kinases such as Clb-Cdc28 and Cdc5 is critical for triggering its degradation through ubiquitinmediated proteolysis. In support of this view, Cdc2 and Plk1 appear to cooperate to induce phospho-dependent ubiquitination and degradation of vertebrate Wee1A through the action of an E3 ubiquitin ligase, SKP1/Cul1/F-box protein (SCF) complex (SCF b-TrCP ) (Watanabe et al, 2004) . However, a large fraction of Swe1 was still degraded in the absence of Clb-Cdc28 activity (a condition that significantly diminished Swe1 phosphorylation; compare the level of Swe1 in 50 min to that in the later time points in Figure 2A ), suggesting the possibility of phosphorylation-independent Swe1 degradation. In addition, loss of APC, which does not normally require phospho-degron (signal for degradation) for ubiquitination and is activated during mitosis, substantially stabilizes Swe1 (Thornton and Toczyski, 2003) . Since a fraction of Swe1 persists at the bud neck even after mitotic entry, it is tempting to speculate that APC may be responsible for the phosphorylation-independent Swe1 degradation in mitosis, whereas SCF is accountable for the degradation of the hyperphosphorylated Swe1 prior to mitotic entry.
Our data showed that Clb-Cdc28 activity was required for proper Cdc5 localization to the bud neck, an event that occurred after assembly of the Hsl1-Hsl7 platform at the corresponding location. Subsequent recruitment of phosphorylated Swe1 to the platform appeared to promote Cdc5 localization to this site. Consistent with these results, Swe1 localizes to the bud neck in cells with a medium-size bud (S phase) (Longtine et al, 2000) , whereas localization of Cdc5 to the bud neck occurs as early as G2 and becomes progressively more abundant as cells enter mitosis (Lee et al, 2005) . Interestingly, analyses with individual mitotic cyclin mutants revealed that cells lacking Clb2, but not other mitotic cyclins, significantly impaired Cdc5 localization to the bud neck (Supplementary Figure S8) with elongated bud morphologies (data not shown), suggesting that Clb2-associated Cdc28 activity is largely accountable for Swe1 phosphorylation and Cdc5 localization to the bud neck. However, inhibition of Clb-Cdc28 greatly diminished, but did not eliminate, the Cdc5 localization to the neck, while it did not significantly influence the Cdc5 localization to the SPB ( Figure 6C and Supplementary Figure S7A ). Thus, a significant level of Cdc28 priming-independent interaction(s) also exists between Cdc5 and its target proteins at the SPB and, to a less extent, at the bud neck. It is possible that some of the critical PBD-interacting proteins are phosphorylated by kinase(s) other than Cdc28. Alternatively, they may possess a negatively charged residue to mimic phosphorylation and bypass the requirement of Cdc28-dependent phosphorylation.
Cooperative actions of multiple kinases and Hsl1-Hsl7 scaffold in the regulation of Swe1
Previous studies and the data provided here suggest that Swe1 is regulated by the coordinated actions of multiple kinases and regulatory elements, as cells proceed through the cell cycle (McMillan et al, 1999a; Shulewitz et al, 1999; Sakchaisri et al, 2004) (Figure 7) . At least three kinases (Cla4, Clb-Cdc28, and Cdc5) contribute to Swe1 phosphorylation in a distinct manner. During the early stage of bud emergence, Cla4 is targeted to septin ring structures at the bud neck (Versele and Thorner, 2004 ) sufficiently early to encounter Swe1 and contribute to its phosphorylation in S phase . Thus, Cla4 is likely responsible for phosphorylating the early bud neck-localized Swe1 population ( Figure 7A ), although it may also contribute to Swe1 phosphorylation later in the cell cycle. Since Cla4 phosphorylates Swe1 independently of Clb-Cdc28 and Cdc5 (Figures 3  and 4) , a tier of modified Swe1 detected in cells after eliminating both the Clb-Cdc28 and Cdc5 activities ( Figure 5 ) could be attributable to the undiminished Cla4 activity under these conditions. Interestingly, the hsl1D cla4D double mutant exhibits synthetically elongated bud morphologies that can be remedied by swe1D , suggesting that at least a part of the Cla4 and Hsl1 functions in Swe1 regulation is independent of each other.
Later in the cell cycle but prior to the G2/M transition, ClbCdc28 and Cdc5 function in a concerted manner to phosphorylate Swe1 synergistically ( Figure 7B ). Both Clb2 and Cdc28 predominantly localize to the nucleus, although a fraction of them also localize to the bud neck (Hwang and Silver, 2001 ). Thus, as the level of Clb2 rises in G2, Cdc28 gains sufficient activity to overcome early Swe1 inhibition and phosphorylate Swe1 presumably in the nucleus, although the possibility of phosphorylating Swe1 by the bud neck-associated Clb2-Cdc28 cannot be excluded. In support of this view, the swe1D1 mutant that primarily localizes to the nucleus because of its failure to interact with Hsl7 still displays multiple tiers of phosphorylation (McMillan et al, 2002) . Once tethered to the Hsl1 and Hsl7 platform, this Cdc28-primed Swe1 promotes Cdc5 localization to the bud neck through interaction with the PBD (dotted line in Figure 7B between the phosphorylated Swe1 and the bud neck-localized Cdc5). Cdc5 then exerts its kinase activity to generate hyperphosphorylated Swe1 that is susceptible to ubiquitin-mediated degradation ( Figure 7B ). In line with the importance of the Cdc5-dependent Swe1 phosphorylation, the cdc5-3 CDC14 TAB6À1 mutant (CDC14 TAB6À1 compensates for the mitotic exit defect, but not the G2/M delay, of the cdc5-3 allele; Park et al, 2003) exhibited a significant delay in both downregulating Swe1 and activating Clb2-Cdc28, thus resulting in the generation of elongated bud morphologies (Supplementary Figure S9) .
Our model delineates how Swe1 regulation is orchestrated by multiple components as cells progress through the cell cycle. Cla4-dependent septin filament formation early in the cell cycle (Versele and Thorner, 2004) permits assembly of the Hsl1-Hsl7 platform, a critical step that is required for the recruitment of Clb2-Cdc28-phosphorylated Swe1 and Cdc5 later in the cell cycle. Phosphorylated Swe1 further promotes Cdc5 localization to the platform by providing a docking site for the PBD of Cdc5. Our data showed that both the Hsl1-Hsl7 platform and the primed Swe1 are two crucial elements for Cdc5-dependent Swe1 hyperphosphorylation and subsequent degradation at the bud neck. This coordinated, multistep, Swe1 regulation clearly provides a means to monitor the completion of earlier cell cycle events and to effectively bring about Swe1 destruction at the time of mitotic entry. Once unleashed from the Swe1-imposed G2 delay, Clb-Cdc28 can induce mitotic entry unimpeded.
Materials and methods
Strains, plasmids, growth conditions, and immunoblotting analyses Yeast strains and plasmids used in this study are listed in Supplementary Tables 1 and 2 . Detailed information on the strains, plasmids, growth conditions, and antibodies used for immunoblotting analyses is provided in Supplementary data.
Purification of recombinant proteins from Sf9 cells and E. coli
To prepare recombinant proteins, Sf9 cells infected with baculoviruses expressing GST-Cdc28/His6-Cks1, GST-cdc28(D145N)/His6-Cks1, Cln1, Clb5 (gifts of J Wade Harper, Harvard Medical School, Boston, MA), T7-HA-Cdc5-FLAG, T7-HA-cdc5(N209A)-FLAG (Sakchaisri et al, 2004), T7-HA-Cla4-FLAG, and T7-HA-cla4(K594A)-FLAG were lysed, and then subjected to pulldown with either glutathione (GSH)-agarose (Sigma) or anti-FLAG M2-agarose (Sigma). GST-swe1(K473A) and MBP-Clb2 were prepared from E. coli BL21 bearing pGEX-3X-swe1(K473A) and MC1061 bearing pMAL-CLB2 (a gift of R Deshaies, Caltech, Pasadena, CA), respectively. MBP-Clb2 bound to amylose resin (New England Biolab, Beverly, MA) was eluted with 10 mM maltose (Sigma) before reconstituting with an equal amount of purified GST-Cdc28/ His6-Cks1 complex on ice for 30 min. CAK was not provided to the GST-Cdc28/His6-Cks1 complex, because it weakly phosphorylated GST-swe1(K473A) and obscured the GST-Cdc28/His6-Cks1-dependent Swe1 phosphorylation (data not shown).
Kinase assays and two-step reactions
Kinase assays were carried out as described previously . Samples were then separated by SDS-PAGE as indicated, stained with Coomassie, and the incorporated 32 P was detected by autoradiography. The protein bands were excised from the dried gels and the incorporated 32 P was measured by liquid scintillation counter.
In order to carry out two-step reactions, immobilized, catalytically inactive, GST-swe1(K473A) was first reacted with an immobilized priming kinase as indicated in a kinase cocktail (TBMD) (50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 5 mM DTT, 2 mM EGTA, 0.5 mM Na 3 VO 4 , 20 mM PNPP) containing 500 mM ATP for 60 min. The reaction mixtures were then washed with PBS three times to remove remaining ATP and then subjected to subsequent labeling reaction in TBMD containing 5 mM ATP (10 mCi of [g-32 P]ATP; 1 Ci ¼ 37 GBq) for 15 min at 301C. To facilitate reactions for bead-bound proteins, continuous agitation was provided. Reactions were terminated by the addition of SDS-sample buffer, heated at 951C for 5 min, and then subjected to 8% low-bis SDS-PAGE (96:1 acrylamide:bis-acrylamide mixture) for autoradiography.
In vitro protein-protein interaction studies
To determine the phosphorylation-dependent Swe1-Cdc5 interaction, bead-bound, catalytically inactive, GST-swe1(K473A) was first primed by immobilized GST-Cdc28/His6-Cks1/MBP-Clb2 or GST-
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(B) In G2, Swe1 becomes abundant (Swe1 in bold letters) and more potently inhibits Clb-Cdc28. Prior to mitotic entry, a rise in ClbCdc28 activity as the level of mitotic Clb increases tips the balance to trigger Clb-Cdc28-dependent Swe1 phosphorylation. This step is critical both for promoting Swe1-Cdc5 interaction and for the subsequent Cdc5-dependent Swe1 phosphorylation at the bud neck (see text for details). Dotted lines indicate interactions among the proteins. Triple dots between Hsl1-Hsl7 and neckCdc5 indicate a putative interaction between these proteins (see online version for color figure). 
